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RESEARCH MEMORANDUM

COMPARISON OF TWO METHODS OF MODULATING THE THROAT AREA
OF CONVERGENT PLUG NOZZLES

By H. George Krull and Williem T. Beale

SUMMARY

An investigation was conducted to determine the effect on perform-
ance of two methods (iris outer shell and translateble ouber shell or
translateble plug) of throat-area modulation of two convergent plug noz-
zles. These nozzles included a 30° conical plug nozzle and an isen-

tropic plug nozzle. Daba were obtained over = range of pressure ratios
from gbout 1.5 to 0.

For a given outer-shell size, & nozzle with an iris outer shell
provides higher thrust coefficients over a greater range of throat areas
than s nozzle with a translatable ocuter shell. The peak thrust coeffi-
cients for the iris outer shell were insensitive to area modulation over
the range covered (80 percent ares change) while those of the translat-
able outer shell decreased at both the small and large throat aress.
These decreages resulted from Pranditl-Meyer expanslon losses at the small
throat areas (throat located on curved portion of plug) and under ex-
pansion losses at the large throat areas. At the small throat areas,

these losses can be alleviated, however, by increasing the slze of both
the outer shell and plug.

The effect of throat-ares modulation on the internsl performance

characteristics was sbout the same for both the isentropic and the con-
ical plug nozzles.

Based on an arbitrarily selected throat area, the flow coefficients

for the confiligurations investigated varied from 0.80 to 0.94 when the
flow was choked.
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INTRODUCTION

The convergent plug nozzlé has good thrust coefficilents over a wide
range of nozzle pressure ratios as shown in references 1 to 3. The
peak thrust coefficients were as high as those of a convergent-divergent
nozzle, and were relatively Ilnsensitive to nozzle pressure ratios below
the design point. R '

The effect of plug design and oputer shell design on plug nozzles
of fixed design or given expansion ratioc is presented in references 2
and 3, respectively. These data, however, did not show what the effect
of throat-areas variation, and hence changes in expansion ratlo, would
have on the performance of nozzles of given deslgn.

This investigation was conducted to determine how throat-area
modulation would affect the off-design performance of plug-type nozzles.
The throat areas weré varied by translating outer shells and by simulated
iris outer shells. - - :

The plug nozzles were iInvestigated over a range of nozzle pressure
ratios from 1.5 to 30. Two plug nozzles were investigeted, an isentropic
plug nozzle designed by the method of characteristics to provide axial
flow at the discharge at a nozzle pressure ratio of 9.5 and a 30° conical
plug nozzle. The ratio of the maximm throat area to the minimum throat
area was as high as 2:1 for the configurations investlgated.

APPARATUS AND INSTRUMENTATION
Nozzle Configurations

Both conical and lisentropic plug nozzles were used in this investi-
gation. Simulated iris and translatable ocuter shells were used to vary
the throat area. BExploded views of the typical conical and isentropilc
plug nozzles are shown in figures 1(a) and (b), respectively. The aft
section (downstream of the throat) of the isentropic plug was designed
by the method of characteristics for a nozzle pressure ratio of 9.3. RNo
boundary-layer correction was applied and the tail of the plug was cut
off at & smsll dlameter to reduce the length.

Outer shells with various exit angles were used to simulate the
iris-type nozzles. The translatable outer-shell-type nozzles were simu-
lated by insertion of spool pieces (fig. 1(a)) of various lengths, which
changed the position of the outer-shell exit with respect to the plug.
The dimensions of the parts of all configurations are given in table I.

J
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Translateble outer-shell nozzles. ~ The nozzles used to study the
effects of a translatable outer shell on the performance of the conical
plug nozzle consisted of configurations 1 to 4 (table I(a)).

The effects of area modulstion wilth a translating outer shell on the

performance of the isentropic plug nozzle were Investigated with config-
urations 8 to 10 (table I(b)).

The isentropilc plug was modified to reduce the meximum diameter, as
shown by the dashed line in table I{b)}. The performance of the modified

plug with a translatable outer shell was shown by configurstionms 11 to
13,

Simulated iris-type nozzles. - The effect of area modulastion with a
simulated iris-type outer shell on the performance of the conical plug
nozzle was studled with configurstions S5 to 7.

The effect of simulated iris oubter shell on the performance of the
isentropic plug nozzle was shown by configurations 12, 14, and 15. The
modified isentropic plug was used for these configurstions.

Installation

The nozzles were installed in a test chamber that was connected to
the laboratory combustion alr and sltitude-exhsust facilities as shown
in figure 2. The nozzles were bolted to a mounting pipe that was freely
suspended by four flexure rods connected to the bedplate. Pressure forces
scting on the nozzle and mounting pipe, both external and internal, were
transmitted from the hedplate through a flexure-plate-supported bell
crank and linkage to a balanced-alr-pressure dlaphragm force-messuring
cell. Pressure differences across the nozzle and mounting pipe were main-
tained by labyrinth seals around the mounting pipe that separated the
nozzle inlet air from the exhaust. The space between the two labyrinth
seals was vented to the test chamber. This decreased the pressure dif-
ferential across the second labyrinth and prevented a pressure gradient
on the outside of the diffuser section due to an air blast from the
labyrinth seal.

Instrumentetion

Pressures and temperatures were measured at the various stations
thet are indlecasted in figure 2. Total- and wall static-pressure measure-
ments at station 1 were used to compare inlet momentum, and total- and
static-pressure measurements (stream and well static) at station 2 were
used to compute air flow. Total pressure and temperature were measured
at the nozzle inlet (station 3). Anbient-exhaust-pressure was provided
at station O, and a static-pressure survey was made on the ocutside walls
of the bellmouth Inlet.
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FROCEDURE

Performance date for each configuration were obtained over a Trange
of nozzle pressure retios at a congtant air flow. The nozzle inlet-elir
temperature was about 540° R and the nozzle pressure ratio was varied
from ebout 1.5 to the maximum obtaineble. Maximum pressure ratio varied
from configuration to configuration because of the varying throat areas
and the limiting sir-handling capacity of the air supply and exhauster
equipment. '

The thrust coefficient was calculated by dividing the actual jet
thrust by the 1deal thrust. The actual Jet thrust was camputed from the
force measured by the balanced-alr-pressure dlasphragm and from pressure
and tempersture measurements made throughout the setup. The ideal Jet
thrust was cslculated as the product of the measured mags flow and the
isentroplc Jjet velocity based on the nozzle pressure ratio and the inlet
tempersture. To simplify the use of the alr-flow data, the throat ares
used in the calculation of the air-flow parameter was defined as the
annulus area between the outer-shell exit and the plug in a plane per-
pendicular to the nozzle axis. The synmbols and methods of calculation
used in thils report are presented in appendixes A and B, respectively.

DISCUSSION (F RESULTS
Performance of Translatable Outer-Shell-Type Plug Nozzle

Conical plug nozzles. - The thrust coefflcient for a nozzle with a
transletable outer shell end the conical plug are shown in figure 3{a)
plotted agalinst nozzle pressure ratioc. Data are shown for relative throet
areas from 0.72 to 1.4. Relstive throst area is defined as the ratio of
the effective throat area to the effective throat area of configuration 1.
The effective throat area is the theoretical throat area for choked flow
computed from gir flow and nozzle-intet total pressure and temperature.
The effective throat ares is tebulated in table I for each configuration.

The thrust coefflclents were relatively insensitive to pressure
ratio below the pressure ratio at which the pesk thrust coefficients oc-
curred. The peak thrust coefficlents varied from 0.95 to 0.975. The
thrust coefficient peaked at pressure ratlos slightly above the pressure
ratio corresponding to the expanslon ratio of the nozzle (ratio of the
outer-shell exit area to throat area A_/A, ). Translating the shell
toward the plug tip to increasse the nozzle flow area decreased the ex-
pansion rstilo; consequently, the peak thrust coefficients occurred at
lower pressure ratios. Translating the outer shell toward the meximum
diemeter of the plug, which increased the expansion ratlo, lowered the
peak thrust coefficients because of s Prandtl-Meyer expansion induced
by the curved portion of the plug (see refs. 2 and 3). This condition
also increased the over-expansion losses.

3611
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Isentropic plug nozzle. ~ The effect of a translatable outer shell
on the performance of the isentropic plug nozzle is shown in figure 3(b).
The relative throat ares (effective throat areq/éffective throat area
of configuration 8) was varied from 0.80 to 1.22. The peask thrust co-
efficients for these configurations varied from 0.97 to 0.985, which wes
1l or 2 percentage points higher than those for the conical plug nozzle.
The thruet characteristics were the same as those for the conical plug
nozzle except that the peak thrust coefficient did not drop off as mmch
when the outer shell was translated toward the maximm dismeter of the
plug. This is a result of the more gradusl curvature of the isentropic
plug contour approaching the meximum dlameter. As the curvature of the
plug becomes more gradual, the maximum diameter increases.

The basic isentropic plug was modified Tto reduce the maximum diam-~
eter. The plug conbtour spproaching the hump was redesigned with a greater
rate of curvature as is shown by the dashed line in table I{(b). The’
effect of the modified isentropic plug on the performsnce of & translat-
able outer-shell-type nozzle is shown in figure 3(c). The thrust coef-
Picient is plotted against pressure ratio for a range of relative throat
areas (effective throat area/effective throst area of configuration 12)
from 0.71 to 1.25. The performsnce of the modified plug was the same
as that of the basic isentropic nozzle for the design comdition (relative
throat area, A, = 1.00). A greater decrease in thrust coefficient is
shown, however, when the outer-shell exit is moved towards the maximmm
dismeter of the plug because of the lnereased rate of curvature of the
plug contour.

Performance of Iris-Ouber-Shell-Type Plug Nozzles

Conical plug nozzles. - The performance characteristics of a conical
plug nozzle with sn iris-type outer shell are shown in figure 4(a).
Thrust coefficient is plotted ageinst nozzle pressure ratio for a range
of relative throat areas (effective throat area/effective throat area of
configuration 1) from 0.78 to 1.41. The thrust coefficients were rela-
tively insensitive to pressure ratio below the pressure ratio at which
the peak thrust coefficient occurred. The thrust -coefficients varied
between 0.97 and 0.975. For this nozzle, as for the translatable-type
outer-shell nozzle, the thrust coefficient peaked at pressure ratios
slightly above the pressure ratio corresponding to the expansion ratio.
In contrast to the performance of the translatable-type nozzle, there
were no losses in peak thrust coefficient with the iris cuter shell for
variations in throat area. This improvement in performance results from
the fact that the throat was always downstream of the curved section of
the plug. The peak thrust coefficients occurred at lower pressure ratlos
as the throat area was iIncreased because the expansion ratio decreased.
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Isentropic plug nozzle. - The performance of the modified isentropic
plug with a similseted iris-type outer shell 1s presented in figure 4(2?.
The thrust coefficient is plotted against nozzle pressure ratioc for rela-
tive throat areas (effective throat area/effective throat area of config-
uration 12) from 0.87 to 1.28. The thrust characteristics for the mod-
ified isentropic plug were the same as those for the conlcal plug except
thet the peak thrust coefflclents were L/Z to 1 percentege point higher.

Sengitivity to Throat-Ares Variation

A comparison of the performance obtalnsble from the conical plug
nozzle with two methods of throat-ares. variation is shown in figure 5.
A similar plot for the lsentropic plug nozzle was not included because
the performance characteristlcs are the same except that the thrust co-
efficient would be slightly higher for the isentropic plug. The thrust
coefficlents at a nozzle pressure ratio of 3 and 10 are shown in flgures
5(a) end (b}, respectively. The thrust coefficients obtained with the
iris outer shell were almost Independent of throat-area varlatlon at both
nozzle pressure ratios of 3 and 10. At a nozzle préssure ratlo of 3, the
thrust coefficients obtained with the translatable outer shell weére lower
then those obteined with the iris shell at the low relative throat areas
because of the greater overexpansion losses. At a nozzle pressure ratlo
of 10, the thrust coefficients obtained with the translatable cuter shell
were lower than thoge obtained with the irils outer shell at both the low
and high values of relative throat area. The decrease in thrust coeffi-
cient at the high relative throat areas was caused by underexpansion.
The reason the translatable outer shell had greater umderexpansion losges
that the iris outer shell is shown in figure 5{c). The expansion ratio
of the iris-outer-shell nozzle varled less with throat-area modulstion
than the translstable outer shell.

From the foregoing it can be seen that in oxder to avold sericus
losses in performence with a translatable outer shell, the throat must
always be located downstream of the curved section of the plug. If
serious thrust losses are to be avoided, a translateble outer-shell noz-
zle that 1s designed for the meximum throat area of a given flight plan
would have to have a larger outer shell and plug then an iris-type noz-
zle. This is shown by the following sketch,

— —— — —
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The solid line represents & nozzle that is designed for a given pressure
ratio and maximum throat area. To provide a minimum outer-shell diameter,
the flow ares at the maximum diameter of the plug should just equal the
throat area (see ref. 2) and the throat area should be Jjust downstresm
of the curved section of the-plug. Smaller throast areas with an iris
nozzle can be cbtained without serious performsnce penalties. In order
to reduce the throat area with a translateble cuter shell without per-
formance losses the size of the plug and outer shell would hsve to be
increased as shown by the dotted lines in the sketch. This increase
would position the curved section of the plug further upstream and the
throat would remain on the straight section of the plug as the exit was
translated upstream. Therefore, for a given size outer shell the iris-
type outer shell provides a greater range of throat areas without =
serious penalty in performance.

Alr-Flow Parsmeter

The corrected alr-flow parameter for sll configurations is plotted
against nozzle pressure ratlo in figure 6. The theoretical value of the
air-flow parameter (0.344 1b/(sec)(sq in}) for choked flow is shown by &
dashed 1ine. The flow coefficients (ratio of experimental air-flow pa-
rameter to theoretical air-flow parsmeter) for these configurations varied
from 0.80 to 0.985 when the flow wes choked. To simplify the use of the
air-flow data, the throat area used in the calculation of the air-flow
parancter was defined as the annulus aree between the outer-shell exit
and the plug in a plane perpendicular to the nozzle axis (areas listed
in table I). For most configurations this area was greater than the
actuel physical fiow area, and consequently the flow coefficients were
lower than those for a simple convergent-divergent nozzle.

SUMMARY OF RESULTS

The effect of two methods of throat-aree modulation (iris outer shell
and trenslatsble outer shell or plug) on the internal performsnce charac-
teristics of two convergent plug nozzles was debtermined over & range of
nozzle pressure ratios fram 1.5 to 30. The two nozzles congisted of &
30° conical plug nozzle and an isentropic plug nozzle.

For a given size outer shell, a mozzle with an iris-type outer shell
provided higher thrust coefficients over a greater renge of throat aress
than a nozzle with a translateble oubter shell. The peak thrust coeffi-
cients obtained with the iris outer shell wexre insensitive to throat-area
variation over the range covered (80 percent area change}, while those of
the translsbteble outer shell decreased st both the small and large throat
ereas. These decreases resulted from Prandtl-Meyer expansion losses at
the small throat areas (throat located on curved portion of plug) and
underexpansion losses at the large throat areas. At the emall throat
areas, these losses cen be alleviated, however, by increasing the size

of both the outer shell and plug.
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The effect of throat-ares modulation on the intermal performsnce
characteristics was about the same for both the isentropic and the con-

lcal plug nozzles.

When the flow was choked, the flow coefficients for the configure-
tlons investigated varied from 0.80 to 0.94. Usge of the alr-flow data
was gimplified by defining the throat area as the annulus between the
outer shell exit and the plug in a plane perpendicular to the nozzle
exls. For most configurations, this area was larger than the actual
flow aresa, and consequently the flow coefficilente were lower than those
for a simple convergent-divergent nozzle.

Lewis Flight Propulslon Leboratory
National Adviscry Committee for Aeronsutics
Cleveland, Ohioc, December 14, 1954
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APPENDIX A

SYMBOLS
The following symbols are used in thls report:
insgide area, sq £t
pipe area under lebyrinth seal, sq ft
plug projected area, sq ft
relative throat ares
exit area of outer shell, sq £t

throat area (asnnulus between ouber-shell exit area and ﬁlug in
plane perpendiculsr to plug axis), sq ft

effective throat ares for choked flow computed from mass flow,
total pressure, and temperature

thrust coefficient

thrust, 1b

balanced~air-pressure-diaphragm reading, 1b

acceleration due to gravity, 32.174 ft/sec?

distance from maximum diameter of plug to downstream tip of plug
distance from meximum diameter of plug to outer shell exit

total pressure, 1b/sq ft

static pressure, 1lb/sq ft

integrated static pressure acting on ocutside of bellmouth inlet
to station 2, 1b/sq ft

gas constant, 53.3 £t-1b/(1b){(CR) for air
total temperature, OR

velocity, ft/sec

measured air flow, lb/sec

ratio of specific heats
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& ratio of total pressure at nozzle Inlet to absolute pressure at
NACA standard sea-level conditions

e ratio of total temperature at nozzle inlet to absolube temper-
sture at NACA standerd sea-level condltlons
W, /6

corrected air-flow peremeter, 1b/(sec)(sq in)

Subscyipts:

e nozzle exit

i ideal

J Jet L e

0 exhgust or ambient

1 inlet . : C e e
2 diffuser inlet _ L

3 nozzle inlet

3611
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APPENDIX B

METHODS COF CALCULATION
Alr flow. - The nozzle air flow was calculated as

r=x -1
T P\ T
- Pahe _Ear_(ﬁ_z_ . (_2

3. =
2 8,2 " Rty \[r - I|\p, Pg
where Y was assumed to be 1l.4.
Thrust. - The jet thrust was defined as
W
- _ 8.0 —
Fy=—2= Ve + A (pe - po)
G
-8 where V, and fe are effective values. The actual Jet thrust was
o celeculated from the equation
B
© wa; 2
Fy === V1 + P1Ay - Py + Ap(Ppm - Po) - Fg
where Fd was obtained from balanced-air-pressure measurements.
The ideally availsble Jjet thrust, which was based on measured mass
flow, was calculsted as
-1
T
2R _1 20
Fi=Wa2\[E7-TTs|* ‘(ps)
Thrust coefficlent. - The thrust coefficient is defined as the
ratio of the actuel to ideal Jjet thrust
F
CT = _..‘1
Fy
REFERENCES
a 1. Ciepluch, Carl C., Krull, H. George, and Steffen, Fred W.: Prelim-

inary Investigation of Performence of Variable-Throat Extended-
Plug-Type Nozzles over Wide Range of Nozzle Pressure Ratios. NACA

RM E53J28, 1954.
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2. Krull, H. George, and Beale, William T.: Effect of Plug Design on
Performance Characteristics of Convergent-Plug Exhaust Nozzles.
NACA RM E54HOS5, 1954.

3. Krull, H. George, and Beale, Williem T.: Effect of Outer-Shell Design
on Performance Charscteristics of Convergent-Plug Nozzles. NACA
RM E54K22, 1954.
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TABIE I. - DIMENSIONS OF NOZZIE CONFIGURATIONS

(2) Conical plug nozzle

Config-|Expansion|Isentrople pressure | Effectlve |Throat| B, c, K, L, [+
uretion| ratio, |ratlo corresponding |[throet aree,| area,| in.| in.| in.| in.
Ag/hy to Ag/Ag, A, e Ay,
PS/PO aq in. sq in.
1 1.53 6.5 37.08 40.41 |8.86{4.13(4.48(|2.81{28° 40!
2 2.25 13.1 26.85 27.43 |8.86j4.13|5.85]1.45|26C 40"
3 1.90 9.7 30.79 32.43 18.86|4.13|5.26|2.04 |260 40"
4 1.07 2.8 51.98 57.50 |]8.86]4.13|2.03|5.27|26° 4Q°*
5 1.73 8.2 29.11 31.30 [8.30[3.96[4.68]2.81 |30° 40!
] 1.40 5.0 £46.72 50.62 [9.5 |4.30]4.32]2.8] |22°© 8!
7 1.33 4.9 52.20 57.50 |9.86|4.3814.24]2.81]19° 4O
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TABLE I. - Concluded. DIMENSIONS OF NOZZIE CONFIGURATIONS

(b) Isertropic plug

e M N
¥y
(>3
s ; B
_#p.g.w?ﬂ""“ ? ‘3\\%
Flow C— e S
x - ]
CD-4103
Basic plug (configarstions 8-11) . Modified plug
(configurations 11-15)
(shown by deshed line)
x ¥ b4 y x ¥y x Y X y x y
0 ¢.18( 3.50)1.09 7.0013.14 f 10.5014.50 7 3.14 8.0 |3.71
5] .25] 4.00]1.30 7.4013.52 || 11.00]4.42 7.27|3.4 8.15{3.70
1.00| 35| 4.50(1.53 8.00(3.95| 11L.50(4.27 7.5 |3.53 8.3 [3.69
1.50| .47 5.00|1L.79 8.50]4.20| 12.00|4.05 7.7513.65( 14.16{3.12
2.00| .60]) 5.50(2.07 9.00)4.38§ 13.0013.62
2.50] .74 6.00(2.39 9.50(4.420 14.00{3.17
3.00) .91| 6.50{2.73 110.00(4.53| 14.16{3.12
Config- |Expansion}Isénhtroplec pressure| Effective |Throast B, c, D, Ly a
uretion| ratio, |ratio corresponding|throat area,| area,| 1u. | in. | in.| in,
A/A, to Ag/Ag, Ay, 3s Ay
PS/PQ 8q in. sq in.
8 1.55 6.2 38,00 45.3 ([4.73|2.98(6.57|7.87|30° 40°
9 1.87 9.4 30.51 57.46 14.73]2.98]7.10{7.36}300 40
10. 1.18 3.7 46.37 59.49 14.7312.98|5.84{8.60|30° 40"
1 2.37 l4.2 27.83 29.57 14.73}12.98(|7.62(6.77{30° 40°
lz - 1.5 6.2 39.13 46.87 14.7312.98(6.48]7.91|30° 40"
13 1.24 4.2 48.76 56.70 [4.73|2.98}5.50{8.90[300° 40"
14 1.63 1.3 33.96 40.16 [ 4.56|2.88(6.60|7.89|340
15 1.35 5.0 50.05 60.64 |5.09({3.18]6.28(7.91|24°

. .
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C-36298

C-34356

Figurs 1. - Exploded view of isentroplc plug nozzle and conical plug nozzles.



Station 1 2 s 0
(Inlet) (Air-flow (Nozzle inlet) {(Awbient-exbaust
' ressurepent ) : nozzle arit)
: Tent 1lins Tost chamber —-\
Flexure rod

Inlet-air | reot |
line

\ nozxle

4
J/ -y
[Aadhabiibl WA P S .
Flow M
—_—
'! T - f’: l
Bellmonth inlet l ht
labyrinth seals Exhaust line
Diffuser / )
j J Thrust-weasuring
Bed plate Bell crank cell
LA —~

Figwre 2. - Gchematic drawing of nozzle in test chamber.
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—_ =
S
bl Configuration Relative Expansion LB/‘L.p
throat area, ratio,
As/Byg
_ _ ~ 2 2 0.72 2.25 0.13
b 3 .83 1.90 217
O i 1.0 1.53 .333
0 4 1.4 1.07 .698
1.00
& =S T O+
.80 =
(a) Conilcal plug.
—_——=
~
\\\\
noe
Configuration Relative Expansion LEKH
throat aresa, ratio,
K, a/A,
- - O ] 0.80 1.87 0.290f
8 8 1.00 1.50 343
10 1.22 1.18 -416
B
(4]
o
£ 1.00
El
g . s i S AN A
§ >
(3]
o 90
é (b} Imentropic pIlug.
T\
NN
AN
on
Configuration Relative Expension L&/Lp
T t erea, ratlo,
K Re/Ay
— g i1 c.71 2.37 0.048
12 1.0 1.50 .180
O 13 1.25 1.24 .312
1.00
BexaE-oo =S ———9%—oto
oy ]
.80 —
o] 4 8 12 20 ¢ 28 32 36

{c) Modified ieentropie plug.

16
Nozzle pressure ratio, Ps/po

Figure 3. - Effect of throat-area moduletion with translatable outer shell on performance of
convergent plug nozzles.



Thrust coefficlent, Cp

"Q‘ Configuration Relative Expaneion Outer-shell
§~1‘ throat area, ratic, angls, a,
N A Ao/ deg
A 5 0.78 1.75 300 401
o 1 1.00 1.55 26° 40'
& 8 1.26 1.40 220 @'
- _ — a T 1.41 1.3 199 40!
1.00
-%% = O
v -n—_q}%)-__o_o______o
.80
(a) Conteal plug. '
“~
¥
¥
Configuration Relative Expansion Outer-shell
throat ares, ratlo, ' angle, o,
- & hy/hs deg
: - - - 0 14 0.87 1.65 4P
o 12 1.00 1.50 309 4q!
& 15 1.28 1.35 | 24°
1,00
M_<>==Eb=cn————~—~__u
90
0 4 8 12 16 20 24 28

Hozzle pressure ratlo, P3/p0

(b) Modiried isentropic iplug.

Figure 4. - Effect of throat-area modulation with simmlated iris outer shell on perfaorsence

of convergent plug narzles.

80TPSE WY VOVN




NACA RM E54108 e

Thrust coefficient, Cp

Expansion ratlo, As /A‘I:

1.00 ;_;LP %,_

'/

.90

(a) Nozzle pressure ratio, 3.

1.00

e —L
\L\

\,

.80

(b) Nozzle pressure ratio, 10.

2.6

— e e Tris outer shell
—_—— Tranglatable outer shell

AN

\\

AN

\ —L

T .9 1.1 . 1.3 1.5
Relative throat ares, Ar

(c¢) Expansion ratio.

Figure 5. - Effect of throat-srea modulation on thrust
coefficients and expansion ratio of conical plug
nozzle.

Ao,
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s 1b/{Bec)(8q in.}
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